Lizards and snakes putatively arose between the early Jurassic and late Triassic; they diversified worldwide and now occupy many different ecological niches, making them ideal for testing theories on the origin of ecological traits. We propose and test the ''deep history hypothesis,'' which claims that differences in ecological traits among species arose early in evolutionary history of major clades, and that present-day assemblages are structured largely because of ancient, preexisting differences. We combine phylogenetic data with ecological data collected over nearly 40 years to reconstruct the evolution of dietary shifts in squamate reptiles. Data on diets of 184 lizard species in 12 families from 4 continents reveal significant dietary shifts at 6 major divergence points, reducing variation by 79.8%. The most striking dietary divergence (27.6%) occurred in the late Triassic, when Iguania and Scleroglossa split. These two clades occupy different regions of dietary niche space. Acquisition of chemical prey discrimination, jaw prehension, and wide foraging provided scleroglossans access to sedentary and hidden prey that are unavailable to iguanians. This cladogenic event may have profoundly influenced subsequent evolutionary history and diversification. We suggest the hypothesis that ancient events in squamate cladogenesis, rather than present-day competition, caused dietary shifts in major clades such that some lizard clades gained access to new resources, which in turn led to much of the biodiversity observed today.
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cladogenesis ͉ community ecology ͉ historical ecology ͉ squamate evolution S quamate reptiles are ideal for testing theories on the origin of ecological traits. Their evolutionary history dates back to the early Jurassic or late Triassic (1-3), they have diversified on all major continents (4), and they occupy a remarkable diversity of ecological niches (4-7). One theory claims that ecological differences result from recent factors such as shifts in availability of different prey types or interspecific competition (competition hypothesis) in which species interactions for harvesting limited resources cause divergence in niche characteristics [food, time, or place (microhabitat)] (6, 8) . This theory predicts that niche differences arose within a relatively recent ecological time frame. Evidence supporting this theory is of two types: (i) demonstrations that assemblages containing evolutionarily different species separate on at least one of three major niche axes (6) , and (ii) demonstrations that species (e.g., Anolis lizards on islands) respond in predictable manners to introduction of ecologically and evolutionarily similar species, shifting microhabitats and͞or diets (9, 10) . Shifts in availability of different prey types for reasons other than competition could also stimulate diet shift under such a model (adaptation to current conditions). Such changes would be considered ''shallow'' in a phylogenetic sense because they occurred within an ecological time framework. Another theory claims that differences in ecological traits among species arose early in the evolutionary history of major clades (''deep history hypothesis'') such that present-day assemblages may coexist largely because of ancient preexisting differences (7, 11, 12) . Evidence supporting this theory includes (i) demonstrations that dietary niche overlaps correlate with phylogenetic similarity in Amazonian lizards (7) and (ii) consistency of diets within South American xenodontine snakes independent of the assemblages in which they occur (11) . Although most organismal biologists would expect trophic interactions to have a deep historical basis, our analysis ties one component of niche partitioning (diet) to cladogenic events in the Mesozoic.
In an earlier analysis, we and our colleagues suggested an association between ingestion of specific insects and a combination of feeding mechanisms and prey discrimination modes (7) . Here, we use the best available data on lizard diets (184 species in 12 families from 4 continents) and alternate phylogenetic hypotheses of their relationships to quantitatively test two predictions of the deep history hypothesis: (i) a strong relationship between diet and evolutionary relationships of squamate reptiles should exist and (ii) nodes at which major dietary shifts occurred can be identified.
We chose lizard diets to test the deep history hypothesis because food is a major niche axis on which lizards separate in contemporary assemblages (5, 6) and because data we have collected over the past 35 years cut across both the evolutionary history of lizards and their global distribution.
Materials and Methods
Diets. During the past four decades, we have collected dietary data on 184 lizard species, including 91 Neotropical and 93 desert species from southwestern deserts of the United States; tropical rainforests of Nicaragua, Ecuador, and Brazil; semiarid regions of northeastern Brazil (Caatinga); Australian deserts; and the Kalahari Desert of Africa. Detailed methods for collection of lizards and identification and measurements of prey appear elsewhere (5, 6, 13, 14) . All lizards were treated in accordance with federal, state, and university regulations (Animal Care Assurance 73-R-100, approved November 8, 1994, University of Oklahoma). Initial prey categories for desert and Neotropical lizards were nearly identical, which allowed us to reanalyze our data at various taxonomic levels. The original Neotropical lizard data set included 30 broad prey types (13) , whereas the original desert lizard data set included 20 broad prey types (6). Most differences in prey categories resulted from prey specific to each area. Mollusks and earthworms, for example were not found in desert lizard stomachs. We used an expanded data set of volumetric dietary data (27 categories) for all of our combined species to construct an all-species dietary matrix. Although this procedure enters zero values for prey taxa missing in each data set, such taxa were generally rare in all other lizard diets. Consequently, effects of differences in prey availability among sites were minimal. Diets of pooled lizard samples at all sites were dominated by 7-12 abundant prey categories. The most common 12 prey categories accounted for 90% of all lizards' diets, and the first 7 categories accounted for 76% of all lizards' diets.
Phylogenetic Reconstruction. We constructed a composite phylogenetic hypothesis for the 184 lizard species based on 23 different studies (Fig. 1 ), thus presenting a consensus view of lizard evolutionary history. For the present analysis, we consider species' membership in every clade at the family level or above. We also consider a recent competing phylogenetic hypothesis of squamate evolutionary history based on a combination of nuclear (RAG-1 and c-mos) and mitochondrial (ND2 region) genes, which suggests a nontraditional relationship among the three major clades, Iguania, Gekkota, and Autarchoglossa (38) .
Ordination Analysis. To reconstruct the history of dietary change in lizards, we used CCA (39), a multivariate ordination procedure that directly associates variation in one matrix (lizard diets) with variation in another (lizard phylogeny). Relationships between ecological and phylogenetic characteristics of lizards have been previously examined by using such an analysis (40) . Thus, here we ask whether an association exists between dietary composition and phylogeny, and we identify divergence points in the evolutionary history of lizards. CCA was performed with CANOCO 4.5 (41) . The matrix consisting of 184 lizard species and proportional utilization coefficients of their combined 27 prey categories constituted the dependent variable. The independent variable was a matrix consisting of the 184 lizard species and their clade representations to the level of family. Because lizard size affects diet and covaries with clade, average snout-vent length of each lizard species was entered as a covariate. We used symmetric scaling and unimodal methods and downweighted rare prey categories. In the stepwise analysis, Monte Carlo permutation tests were performed on each variable by using 9,999 permutations. Each variable was tested manually one at a time to obtain F and P values. After each significant variable was included in the model, the subsequent variable that most reduced variance was tested and included if it was statistically significant (P Ͻ 0.05). This procedure was followed until subsequent variables were no longer significant.
Results and Discussion
Dietary variance was initially significantly reduced by 14 of the 19 clades, confirming a strong relationship between diet and evolutionary relationships of squamates (Table 1) . We then tested individual clades one at a time, reduced residual variances, and repeated the process using the stepwise CCA analysis. This analysis revealed significant dietary shifts at six major divergence points (Table 2 and Fig. 1 ) reducing variation by a full 79.77% (Fig. 1) . The six significant taxonomic groups in the CCA were Iguania͞Scleroglossa, Scincidae, Varanidae, Gymnophthalmidae, Teiidae, and Agamidae͞Iguanidae. The ordination faithfully represents the original data (only 20% of the variance is lost). Most striking is the diametrically opposed relationship between the two oldest squamate clades, Iguania and Scleroglossa (Figs. 2 and 3) . Scleroglossans feed on prey types arranged at right angles to iguanian vectors. The most striking difference in diet between Iguania and Scleroglossa is that scleroglossans eat fewer ants, other hymenopterans, and beetles (4, 7). Reanalysis of our data using the alternative phylogenetic hypothesis (38) gave identical results with respect to the clades Iguania, Gekkota, and Autarchoglossa even though no ''Scleroglossa'' existed.
The first and most dramatic dietary divergence (27.57% of variation) occurred in late Triassic, when Iguania and Scleroglossa diverged from a pleurodont ancestor (3). The transition from the ancestral (iguanian-like) to the derived (scleroglossans) state (conventional phylogenetic hypothesis) includes transitions from (i) lingual to jaw prehension, (ii) dependence on visual cues to combined use of visual and chemical cues for prey detection and discrimination, (iii) ambush foraging mode to a more active foraging mode, and (iv) a plethora of behavioral, physiological, and morphological differences heretofore attributed to foraging mode (4, 7, 42, 43) . Our results suggest that long ago acquisition of chemical prey discrimination, jaw prehension, and wide foraging opened up a new food resource base for scleroglossans, providing them access to sedentary and hidden prey that were unavailable to iguanians. Moreover, these dietary differences have persisted to the present day. This quantitative result is identical to the qualitative result reported earlier (7). Whether prey discrimination by chemical cues resulted in dropping many insects containing chemical defense mechanisms from lizard diets or simply resulted in selection of more profitable prey remains unexplored, although experimental evidence demonstrating that scleroglossans discriminate against foods containing alkaloids suggests the former (44, 45) .
Iguanians occupy a different region in the CCA plot than do scleroglossans (Fig. 3) . Iguanians feed on large numbers of ants, other hymenopterans, and beetles, prey that are detected visually and thus available to scleroglossans as well. Scleroglossans not only appear to avoid ants, other hymenopterans, and beetles, but they also feed on many prey types that are relatively unavailable to iguanians (termites, certain larvae, pupae, etc.). The great diversity of scleroglossan diets reflects the impact of chemical discrimination of prey, jaw prehension, and a more active lifestyle on ability to locate, discriminate, and handle cryptic or hidden prey.
Deep history of squamate reptiles appears to have played a profound role in determining lizard diets and accounts for a large portion of putative ''niche partitioning'' observed in phylogenetically diverse lizard assemblages throughout the world. Even though observed niche differences have ancient roots, partitioning of currently available niche space could still be strongly affected by the relative competitive abilities of current taxa that retain ancient differences. Current competition could still influence which taxa are present, although history has clearly determined many of the traits extant species possess. Species interactions must certainly drive niche segregation in lizard assemblages containing closely related species such as Ctenotus skinks in Australia and Anolis on islands. The impact of history on ecological characteristics can be visualized as a hierarchical network in which historical effects are greatest and species interactions are least among phylogenetically distant species, whereas, conversely, historical effects are minimal and species interactions are greatest among phylogenetically similar species occupying the same area.
Moreover, events that occurred in the remote past may have strongly influenced much of squamate biodiversity observed today. A biodiversity response is suggested when examining the impact of the Scleroglossa-Iguania divergence on the evolutionary history and diversification of squamates. These two sister clades are by definition the same age, but Iguania produced only about 1,230 extant species, whereas Scleroglossa produced about 6,000, half of which are ''snakes.'' As impressive as this difference is, it may have resulted from chance. Based on a Markov chain null model, and starting with the basal pair of branches (Iguania versus Scleroglossa), the three branch stage in the Markovian process sets in motion a cascade of increasing diversity along the original branch that first split, such that the disparity is maintained throughout the branching process. The expectation would be unequal clade representation. Thus an explanation may not be necessary. However, this expectation also does not rule out the possibility that greater diversification in one clade was driven by nonrandom factors. More impressive and more relevant to diversification are morphological and ecological shifts that have occurred repeatedly within Scleroglossa but never or rarely in Iguania. Limblessness has evolved repeatedly, with some scleroglossan species shifting to subterranean habits (46) ; nocturnality has evolved repeatedly (4, 47); and aquatic habits have evolved repeatedly, including diversification of one clade in warm oceans (sea snakes) (47) . Limblessness, nocturnality, and subterranean lifestyles have never evolved in Iguania. Only a single iguanian species (Amblyrhynchus cristatus) enters an ocean, and it spends most of its time on land (48) . The same characteristics that resulted in dietary shifts and divergences in scleroglossans resulted in major ecological shifts and diversification such that extant squamate assemblages are made up of species with varying degrees of deep-rooted differences that permit coexistence. Our analysis implies that diet partitioning might be one of the first ecological responses to evolutionary change (e.g., shift from visual to chemical prey detection and discrimination) appearing among ''species'' during early diversification of a clade. It could be argued that shifting from one prey item to another requires no concomitant changes in morphology, body size, or a plethora of other traits, all of which should respond to other selective pressures as well. Morphology of both Anolis (49, 50) and Tropidurus (51), for example, responds relatively rapidly to extreme changes in habitat structure. Nevertheless, diets of most Anolis species are more similar to each other than to other lizard clades, and the same is true for Tropidurus. Lizards in seasonal environments often switch food based on availability (52) (53) (54) , and some lizards change diets ontogenetically (55, 56) , but shifts occurring at a population level are not nearly as drastic as shifts we have identified, particularly that at the Iguania-Scleroglossa divergence. The advent of chemosensory-based searching behavior by scleroglossan ancestors must have provided them access to an immense and diverse set of resources that were in place and relatively untapped by extant diurnal vertebrates. Lizards using visual cues for prey detection and discrimination would not have access to these resources. Impressive dietary Results of stepwise CCA after inclusion of significant nested clades. Variation in diets is reduced by 79.8% by the six clades with P Ͻ 0.05. divergence does occur within some smaller present-day lizard clades, suggesting that it has not only occurred in the past, but it is ongoing. For example, dietary diversity among liolaemid (iguanians) lizard species in southern South America is high, including multiple origins of herbivory (57) . These lizards apparently diverged in the absence of scleroglossans (4, 7) . Whether the high degree of dietary divergence among liolaemids is associated with shifts in mechanisms of prey detection and discrimination remains to be studied.
Our data, like data from almost all studies that attempt ''global'' hypothesis testing, suffer from grossly inadequate taxon sampling. One hundred eighty-four species may sound impressive, but it represents only 4.25% of ''lizards'' and 2.25% of squamates. Nevertheless, gathering these data has taken us most of our lives.
